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Photonic Crystal Fiber (PCF) is a new class of optical waveguides has
received a tremendous attention since the last decade [1]. PCF offers re-
markable characteristics such as design ﬂexibility, geometric versatility
and exceptional guiding mechanism which tend to better performance
compared to conventional optical ﬁber [2]. Due to having the well-
known optical guiding properties such as high birefringence, low con-
ﬁnement loss, high nonlinearity, the endlessly single mode, ﬂexible
chromatic dispersion, large effective mode area and a small bending
loss PCFs show a great potentiality in developing different optical func-
tional devices [3–10]. However, in recent years, PCFs have been
attracted a great deal of attention to the researchers for sensing applica-
tions [11].
Conventional optical sensors are commercially available [12], while
PCF based sensors are still in development stage [11]. However, re-
searchers are working for interfacing PCF based sensors in industrial
safety purposes and environmental monitoring issues. PCF technology
allows us to achieve exceptional propagation properties ofﬁber through
changing the air hole shape, size and their position [13]. Various re-
search studies of PCF based sensors have been reported to improve
the performance of PCF with better propagation properties by changing
different geometric parameters. Hollow-core Photonic Band Gap (PBG)
PCFs are convenient for gas sensing applications. In contrast, for the. This is an open access article underliquid sensing applications, index guided PCFs are suitable. The sensing
mechanism of index guided PCF is based on the evanescent interaction
between guided electro-magnetic light mode and a sample (liquids or
gasses), similar to that in traditional optical ﬁber sensors [12]. Recently,
the concept of ﬁlling the PCF holes with different materials (gasses and
liquids) opened a route for chemical and biological sensing [14,15].
There are several number of published papers which have investigated
and developed the evanescent ﬁeld sensing approach of PCF. Monro et
al. [16] have introduced a PCF structure for evanescent ﬁeld sensing
whereby both core and cladding are microstructured. Cordeiro et al.
[17] have demonstrated that the PCF structure in which both core and
cladding aremicrostructured helps to increase electromagnetic power in-
teraction with the sample to be sensed. Using this type of structure, the
authors have stated in the articles [18–25] that their proposed PCF struc-
tures showhigher relative sensitivitywith lowconﬁnement loss for liquid
and gas sensing applications. The authors in [3] have demonstrated that
their proposed PCF structure for liquid sensor is simple and cost effective.
In some especial ﬁber optic sensors maintaining the state of polari-
zation in ﬁber is crucial. Traditional Single Mode Fibers (SMFs) cannot
maintain the polarization state of the electromagnetic ﬁeld for many
reasons, as stated in [26]. However, the polarization condition can be
retained through the application of modal birefringence. High birefrin-
gent PCFs are highly intensive to temperature, which is an important
feature for different sensing applications [11]. The articles [27–29]
show that elliptical holes are responsible to achieve birefringence in
PCF. The authors of the articles [28,29] demonstrated that their designed
PCFs can achieve the birefringence up to the order of 10−2. However,
these PCFs show poor light conﬁnement and high propagation loss. Tothe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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proposed a PCF structure for liquid sensing applications which show
good conﬁnement of light. In the research article [30] authors have pro-
posed a nonlinear PCF structure for gas sensing applications which
shows high sensitivity with high birefringence, but the nonlinearity of
the PCF is comparatively low.
In this study,we have proposed a PCF structure for liquid sensing ap-
plications in which both core and cladding are microstructured. The
core holes are inﬁltratedwith the targeted liquid. Generally, water or al-
cohol is treated as primary liquids; the numerical analysis has been
done for Ethanol detection. In this PCF cladding air holes are circular
and the supplementary core holes are elliptical.2. Design Principle
In this work, we have proposed and analyzed an index guided PCF
structure with hexagonal arrangement of air holes in cladding. From
the Fig. 1(a) and (b), we can easily understand the difference between
conventional hexagonal cladding and 900 rotated hexagonal cladding
respectively. In both proposed structures the diameter of each air hole
in the cladding is d= 1.9 μm. The number of air hole rings in the clad-
ding is set to N = 4. One of the special features of the proposed PCF
structures is that the core region is designed with vertically arranged
supplementary elliptical air holes, which is ﬁlledwith the targeted sam-
ple (Ethanol). The enlarged cross sectional view of the core region is
shown in Fig. 1(c). Size of each elliptical air hole on the lattice is A =
0.47 μm2 and theif ellipticity constant, η=a/b=0.6, where, a and b
are half minor axis and half major axis respectively. This arrangement
of core results in higher birefringence. In this simulation, the center-
to-center spacing (pitch) between two air holes in the cladding is set
to Ʌ=2.4 μm. In the core, two different pitches have been taken to de-
sign, where, Ʌa = 0.65 μm and Ʌb = 1.20 μm are horizontal pitch and
vertical pitch respectively. The background material is pure silica and
in the calculations, the refractive index of silica is determined by the fol-
lowing Sellmeier equation [32].
n λð Þ ¼
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where, n is the refractive index of silica,λ is the operatingwavelength in
μm, B(i=1, 2, 3) and C(i=1, 2, 3) are Sellmeier coefﬁcients. Perfectly
Matched Layer (PML) is used as a boundary condition and the thickness
of PML is set to 10% of the radius of the proposed PCF for effective calcu-
lation of conﬁnement loss [6].(a) (b
Fig. 1. Cross section of the proposed designs: (a) PCF1: conventional hexagonal clad3. Simulation and principle of operations
In this study, the full vectorial Finite Element Method (FEM) with
Perfectly Matched Layer (PML) boundary condition is adopted for the
analysis of the structurewith a FEM based simulation software COMSOL
Multiphysics 4.2. Themodal analyses have been performed on the cross
section in the x-y plane of the PCF structure as the wave is propagating
in the z direction. The radiation through the proposed PCF is guided by
the modiﬁed total internal reﬂection. The following equation with a
magnetic ﬁeld formulation can be derived from the Maxwell equations
[33].
∇ ε−1r ∇ H
! 
−K20μr H
!¼ 0 ð2Þ
where, H
!
is the magnetic ﬁeld, εr and μr are the relative dielectric per-
mittivity and magnetic permeability respectively. The symbol K0 is the
wave number in vacuum; where K0=2π/λ, λ is the operating
wavelength. The magnetic ﬁeld of the modal solution can be expressed
as H
!¼ h!ðx; yÞ expð−jβzÞ; where, h!ðx; yÞ is the ﬁeld distribution on the
transverse plane. The propagation constant β is represented as
β=neffK0. After obtaining the complex modal effective index (neff), the
modal birefringence can be determined by the following equation.
B ≡ nxeff−n
y
eff
  ð3Þ
where, neffx and neffy are the effective refractive indices of the x and y po-
larized fundamental mode respectively. The ﬁnite air holes in the clad-
ding part cause the leakage of light from core to exterior part which
results in conﬁnement losses. The conﬁnement loss can be calculated
from the imaginary part of the complex effective index neffi , using the fol-
lowing equation [1].
Lc ¼
40π:Im nieff
h i
 106
λ: ln 10ð Þ dB=m i ¼ x; yð Þ ð4Þ
However, by using an inﬁnite number of air holes the leakage of light
can be omitted. But in practical the number of air holes is ﬁnite. The ev-
anescent ﬁeld interaction between light and the targeted sample can be
measured by the relative sensitivity coefﬁcient. According to the Beer-
Lambert law, light is attenuated by the intensity of the evanescent
wave absorption [34].
I λð Þ ¼ I0 λð Þ exp−rαmlc½  ð5Þ) (c)
ding (b) PCF2: rotated hexagonal cladding (c) enlarged view of the core region.
Fig. 3. Variation of themodal birefringence for PCF1 and PCF2 as a function of wavelength,
where η= a/b= 0.6.
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ing equation [3,18].
A ¼ log I
I0
 
¼ rαmlc ð6Þ
where I and I0 are the input and output intensities accordingly. The sym-
bol l represents the length of the ﬁber and c is the concentration of the
sample. The absorption coefﬁcient is αm and r is the relative sensitivity
coefﬁcient which is expressed by the following equation [17].
r ¼ nr
Re neff
 	 f ð7Þ
where nr refers to the refractive index of the targeted sample and
Re[neff] is the real part of effective refractive index and f is the fraction
of total power located in the core. According to the Poynting's theorem
f can be expressed as [17]
f ¼
Z
sample
Re ExHy−EyHx

 
dxdyZ
total
Re ExHy−EyHx

 
dxdy
ð8Þ
where, the transverse electric and magnetic ﬁelds of the modes are in-
troduced by Ex, Ey andHx,Hy respectively. These transverseﬁelds and ef-
fective index mode neff can be calculated by solving Maxwell equation.
Effectivemode area is also an important parameter to determine the
optical performance of PCF. The effective area of a PCF can be deter-
mined by the following equation [35].
Aeff ¼
Z Z
Ej j2dxdy
 2
Z Z
Ej j4dxdy
ð9Þ
The nonlinear coefﬁcient γ is given by the following formula [36].
γ ¼ 2π  n2
λ  Aeff
ð10Þ
where n2 is the nonlinear refractive index of the ﬁber. According to the
equation, it is clear that the nonlinear coefﬁcient of a PCF is inversely re-
lated to the effective area.
4. Numerical results and discussions
The numerical analyses on some propagation characteristics of the
proposed PCF structures in fundamental mode and some higher orderFig. 2. The effective refractive index of the fundamentalmode (a) as a function ofwavelength,w
is set to λ= 1.3 μm.modes have been discussed in this section. Ethanol has been selected
for ﬁlling the supplementary core holes. The simulation has been per-
formed effectively at a wide range of wavelength from 0.8 μm to
1.8 μm. Initially, characteristics of the effective refractive index of the
proposed structures have been studied. The numerical investigation in
Fig. 2(a) shows the effective index proﬁles of the proposed PCF struc-
tures at different wavelengths. For both formation of the proposed PCF
structure, an increase in the operating wavelength results in a linear de-
crease in effective indices. Fig. 2(b) illustrates that the effective refrac-
tive index values of both designed structures are decreasing by the
increase of the ellipticity constant of the supplementary core holes,
where the operating wavelength is ﬁxed to 1.3 μm.
Fig. 3 depicts thewavelength dependentmodal birefringence,where
η=0.6. It can be evidently seen that the proposed PCF2 structure shows
higher birefringence than the proposed PCF1 structure. In addition, it is
clear from the Fig. 3 that the birefringence values are gradually increas-
ing with the operating wavelength.
The Fig. 4(a)–(c) illustrate the resultant 2D views of mode ﬁeld pro-
ﬁles in x- and y-Polarizedmodeswith the variation of the ellipticity con-
stant η, where the operating wavelength is set to 1.3 μm. It can be
observed that the fundamental mode is more strongly bonded in the
core region of PCF2 than the PCF1. Therefore, there is a signiﬁcant affect
of the formation of cladding air holes on ﬁeld proﬁles. It can also be seen
from the Fig. 4 that for the both proposed structures, the birefringence is
decreasingwhen the ellipticity constant η is increasing. Our calculations
show that themodal birefringence values of the proposed PCF1 and PCF2here η= a/b=0.6 and (b) as a function of the ellipticity constant η, where thewavelength
Fig. 4. The ﬁeld proﬁles of the proposed PCF structures in x- and y-polarizedmodes with the ellipticity constant η at the wavelength λ=1.3 μm. (a) η= a/b=0.6, (b) η= a/b=0.55, (c)
η= a/b= 0.50 and (d) η= a/b= 0.45.
Fig. 5. (a) Conﬁnement loss versus wavelength for the proposed PCF structures, where η= 0.6 and (b) variation of conﬁnement loss as a function of the ellipticity constant η, where the
operating wavelength λ is ﬁxed to 1.3 μm.
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Fig. 6. (a) Relative sensitivity versuswavelength for the proposed PCF structures, where η=0.6 and (b) variation of relative sensitivity as a function of the ellipticity constant η, where the
operating wavelength λ is ﬁxed to1.3 μm.
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1.3 μm with the optimized design parameters. This result indicates
that rotated hexagonal cladding improves the birefringence of the pro-
posed structure. Moreover, the birefringence of the proposed PCF2 is
higher than the acquired birefringence in a recently published research
article for liquid sensing application [31].
The measurement of mode conﬁnement of the guided light is one of
the key parameters of PCF based devices. The electromagnetic radiation
propagates through the proposed PCF structures. However, a small por-
tion of the incident energy is leaking out of the core. Hence, the conﬁne-
ment losses of the proposed PCFs need to bemeasured to evaluate their
performance. Fig. 5(a) presents the conﬁnement loss curves of the pro-
posed PCF structures as a function of the operating wavelength. On the
other hand, Fig. 5(b) depicts the effect of the ellipticity constant η on the
conﬁnement losses of both the proposed PCF structures.Moreover, with
an inquiry of Fig. 5(b), it is clear that the conﬁnement losses decrease
with an increase of the ellipticity constant value of the core holes. The
conﬁnement losses of the PCF1 and PCF2 are 2.87 × 10−10 dB/m and
1.62 × 10−10 dB/m respectively, when λ = 1.3 μm and η = 0.6. In
case of Ethanol as the supplementary core material, the calculated con-
ﬁnement losses for both the proposed PCFs are lower than the previous-
ly published articles [1,3,11,31].
The relative sensitivity coefﬁcient is one of themost vital parameters
for PCF based sensing devices. As presented before in Fig. 5 that the fun-
damental mode of the proposed PCF having rotated hexagonal cladding
is more conﬁned than the proposed PCF having conventional hexagonal
cladding. Hence, the interaction between light and the analyte (Etha-
nol) in the core region of the proposed PCF2 structure is expected
to be higher than the proposed PCF1 structure. Fig. 6(a) shows theFig. 7. Variation of effective mode area with the operating wavelength for the proposed
PCFs, η= 0.6.wavelength dependent relative sensitivity coefﬁcient r for Ethanol de-
tection, where η = 0.6 is ﬁxed. It is evidently seen from the Fig. 6(a)
that the relative sensitivity coefﬁcient is increasing according to the op-
erating wavelength. Moreover, Fig. 6(b) represents the relationship be-
tween relative sensitivity and the ellipticity constant of the core holes of
the proposed PCF structures. Furthermore, it can be clearly seen that the
relative sensitivity is increasing when the ellipticity constant values are
increasing. In addition, at the wavelength λ= 1.3 μm and η= 0.6, the
relative sensitivity coefﬁcient values of the proposed PCF1 and PCF2
are 44.29% and 53.35% accordingly. Therefore, it is clear that rotated
hexagonal cladding of the proposed PCF improves sensitivity approxi-
mately 20%. In addition, the proposed PCF2 shows higher sensitivity
than the acquired sensitivity in the previously proposed PCF structures
in case of liquid sensing applications [1,3,11,31].
Fig. 7 represents the effectivemode area values of the proposed PCF1
and PCF2 by varying the operating wavelength. It shows that the effec-
tive mode area Aeff increases with the wavelength. The reason behind
that, when the wavelength increases the modes are leaking through
the air holes. However, it can also be seen from the Fig. 7 that PCF1
shows larger effective area than PCF2. It can be seen that at the wave-
length λ = 1.3 μm and the ellipticity constant η = 0.6, the effective
mode area values of the proposed PCF1 and PCF2 are 7.5782μm2 and
3.9328μm2 respectively.
Fig. 8 shows thewavelength dependent nonlinear coefﬁcient for the
proposed PCF structures. It illustrates that the nonlinear coefﬁcient γ
decreases with the increase of wavelength. Small effective mode area
tends to a high nonlinear coefﬁcient that might be useful in various op-
tical applications. It can be clearly seen from Fig. 4 that the proposed
PCF2 exhibits smaller effective mode area than the proposed PCF1.Fig. 8. Variation of nonlinear coefﬁcients with the operating wavelength for the proposed
PCFs, η= 0.6.
Fig. 9. Variation of effective mode area and nonlinear coefﬁcients with the ellipticity
constant η for the proposed PCF2 at the operating wavelength λ= 1.3 μm.
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tion results show that the nonlinear coefﬁcients of the proposed PCF1
and PCF2 in the x-polarized mode are reported as 20.41 W−1 km−1
and 39.33 W−1 km−1 respectively at the wavelength λ= 1.3 μm. For
the calculation of the nonlinearity index of silica is taken as n2 =
3.2 × 10−20 m2/W.
Fig. 9 describes the ellipticity constant dependence of effectivemode
area and nonlinear coefﬁcient of the proposed PCF2 at the operating
wavelength 1.3 μm. It is observed that effective mode area decreases
with an increase in ellipticity constant and vice-versa for nonlinear
coefﬁcient.
We have also observed from the simulation that there are no signif-
icant changes in the birefringence, conﬁnement loss, relative sensitivity
and the nonlinear coefﬁcients of the fundamental modes by varying the
number of air hole rings at the cladding from 3 to 6. Therefore, from the
consideration of fabrication cost, we have selected 4 rings of air holes for
the optimization of our proposed PCF structure. Our proposed PCF struc-
ture can be fabricated by presently available technology due to the ad-
vancement of nanotechnology. Several methods have been developed
for the fabrication of microstructured ﬁber efﬁciently, such as stack
and draw [37], drilling [38], extrusion [39], sol-gel casting [40] and so
on. However, micro core of our designed PCFmust be ﬁlledwith analyte
without damaging the ﬁber's integrity. Authors of the article [41] pro-
posed a technique for selectively ﬁlling the micro holes. In addition, re-
cently, Luo et al. [42] and Gerosa et al. [43] have practically shown that
using the similar methods the fabrication of PCF structures with liquid
ﬁlled core or cladding holes can be accomplished efﬁciently. Therefore,
we believe that our proposed PCF structure can be interfaced with
existing technologies.
According to the above discussion, to gain high performance of PCF
based sensor, the optimized parameters of the proposed PCF structure
are found as Ʌ= 2.4 μm, d= 1.9 μm, N= 4 and η= 0.6 μm. Our pro-
posed PCF structure is demonstrated to gain a good tolerance of fabrica-
tion errors. However, in a standard ﬁber draw, ±1% variations in ﬁber
global diameter may occur during the fabrication process [44]. To ac-
count for this structural variation, the global parameters have been var-
ied up to ±5% around the designed values to reveal the robustness ofTable 1
Variation of different index guiding properties of the proposed PCF2 for the changes in
global parameters at the wavelength λ= 1.3 μm.
Parameters (%) B Lc (dB/m) R (%) γ (W−1 km−1)
−5 2.87 × 10−3 1.07 × 10−9 47.76 38.559
Optimum 2.82 × 10−3 1.62 × 10−10 53.35 39.330
+5 2.71 × 10−3 8.74 × 10−11 58.79 39.807the proposed design. Table 1 represents the values of the above proper-
ties of the proposed PCF2 for the changes in global parameters.
5. Conclusion
To summarize, we have successfully demonstrated high sensitivity,
high nonlinearity, high birefringence and low conﬁnement loss with
our proposed PCF structures. The effects of 90° rotation of hexagonal
cladding on different guiding properties have been studied. In addition,
it was found that there is a signiﬁcant effect of the ellipticity constant of
supplementary core holes on the overall performance of the proposed
structure. The numerical inquiry shows that the proposed hexa-rotated
cladding structure (PCF2) exhibits comparatively higher relative
sensitivity, nonlinearity, and birefringence. The ﬁgures are 53.35%,
39.330 W−1 km−1, and 2.82 × 10−3 respectively. Apart from that,
the conﬁnement loss of this structure is very low; the value is
1.62 × 10−10 dB/m.
According to the performance analysis, we expect that the proposed
structure will open a new window in the ﬁeld of PCF based sensing. In
addition, having greater ability to perform liquid analyte sensing, the
proposed PCF structure may be optimal for different bio-sensing
applications.
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